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ABSTRACT
We present the results of mapping observations toward a nearby starless filamentary cloud, the Taurus
Molecular Cloud 1 (TMC-1), in the CCS(JN = 43 − 32, 45.379033 GHz) emission line, using the
Nobeyama 45-m telescope. The map shows that the TMC-1 filament has a diameter of ∼ 0.1 pc and
a length of ∼ 0.5 pc at a distance of 140 pc. The position-velocity diagrams of CCS clearly indicate
the existence of velocity-coherent substructures in the filament. We identify 21 substructures that are
coherent in the position-position-velocity space by eye. Most of the substructures are elongated along
the major axis of the TMC-1 filament. The line densities of the subfilaments are close to the critical
line density for the equilibrium (∼ 17 M⊙ pc−1 for the excitation temperature of 10 K), suggesting
that self-gravity should play an important role in the dynamics of the subfilaments.
Keywords: ISM: molecules–ISM:clouds–stars: formation, cluster-forming clump
1. INTRODUCTION
The Herschel observations have revealed that fila-
mentary structures are ubiquitous in molecular clouds.
Andre´ et al. (2014) found that 70 % of prestellar cores
in Aquila Rift are distributed along the dense filaments
with AV & 7 mag, suggesting that the filaments play a
dominant role in the formation of prestellar cores and
thus star formation process. According to Andre´ et al.
(2014), the filaments discovered by the Herschel obser-
vations appear to have a typical diameter of 0.1 pc. The
dense filaments are also supercritical for radial collapse,
and thus gravitational fragmentation is likely to lead to
formation of self-gravitating dense cores where stars are
created. However, the origin of the 0.1 pc supercritical
filaments remains uncertain.
One way to understand its origin is to investigate the
kinematics and the internal structure of the filaments
using molecular line emission which can distinguish the
structures overlapping along the line of sight. On the
basis of C18O(J = 1 − 0) and N2H+ (J = 1 − 0) data
obtained by the FCRAO 14-m telescope, Hacar et al.
(2013) analyze the internal structure of a long filament
in L1495/B213 in the Taurus molecular cloud. They
searched for components having similar line-of-sight ve-
locities in neighboring pixels using an algorithm named
Friend in VElocity (FIVE), and found that the filament
identified by the Hershel observations contains velocity-
coherent elongated structures which cannot be distin-
guished in the dust continuum emission map. They call
the substructures “fibers”. The typical length of the
fibers is about 0.5pc, and their typical line masses are
estimated to be a few times 10 M⊙ pc
−1, which is com-
parable to the critical line mass for gravitational con-
traction with the temperature of ∼ 10 K. Similar sub-
structures are also found in other filaments (e.g., Hacar
et al. 2017). However, it remains uncertain how ubiq-
uitous the fibers are in molecular cloud. Their physical
origin is also to be elucidated. To better understand the
filamentary structure in molecular clouds, we search for
velocity coherent structures similar to those probed by
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Hacar et al. (2013) toward the other filament in Taurus
known as the Taurus Molecular Cloud 1 (TMC-1).
TMC-1 is a starless dense filamentary cloud and is
very abundant in carbon-chain molecules such as CCS
and HC3N (e.g., Hirahara et al. 1992; Suzuki et al. 1992;
Taniguchi et al. 2016a; Taniguchi & Saito 2017). These
molecules are known to appear in an early stage of cloud
evolution, and have been detected in other low mass
clouds (e.g., Hirota et al. 2009; Shimoikura et al. 2012;
Taniguchi et al. 2017a) as well as in massive clouds form-
ing high mass stars (e.g., Taniguchi et al. 2016b, 2017b,
2018a,b,c) and star clusters (e.g., Shimoikura et al. 2015,
2018a), but they are absent in more evolved clouds such
as W40 (e.g., Shimoikura et al. 2015, 2018b). The high
abundance of CCS and HC3N in TMC-1 indicates that
this region is young in terms of chemical composition.
A chemical evolution model (Suzuki et al. 1992; Ruaud
et al. 2016) infers an age of TMC-1 of ∼ 105 years.
In this paper, we use the CCS(JN = 43 − 32) emis-
sion line to investigate the internal structure. The typ-
ical CCS spectral line profile in TMC-1 can be fitted
by multi-Gaussian profiles, suggesting the existence of
substructures. Recently, we discovered that the CCS
line profile at the cyanopolyyne peak in TMC-1 consists
of four Gaussian components with different line-of-sight
velocities (Dobashi et al. 2018). We summarize the main
results of our previous work in Appendix A of this pa-
per. The existence of the multiple velocity components
implies that TMC-1 contains smaller substructures pre-
viously found in other regions.
In fact, Fehe´r et al. (2016) found four subfilaments
in TMC-1 in NH3 with the Effelsberg 100-m telescope.
Their map has an effective angular resolution of ∼ 50′′
(more accurately, 40′′ grids with the HPBW of 37′′ in
position switching mode). In an earlier study, Langer
et al. (1995) already reported that TMC-1 contains
many small blobs in CCS and these small blobs seem
to be gravitationally unbound, and the typical mass is
estimated to be only ∼ 0.1 M⊙. Substellar-mass self-
gravitating structures are also found in the other star-
forming region, ρ Ophiuchus B2 clump (Nakamura et al.
2012). These previous studies suggest the existence of
substructures in dense structures such as dense cores.
In this paper, we identify the velocity-coherent sub-
structures in TMC-1 in the CCS (JN = 43−32) emission
line using the Z45 receiver installed on the Nobeyama
45-m telescope. For the physical conditions of TMC-1,
the JN = 43 − 32 transition line is the brightest among
the rotational transition lines of CCS (see e.g., Suzuki
et al. 1992; Wolkovitch et al. 1997). Taking into account
the chemical age of TMC-1, the CCS line should have
more advantage than other molecular lines to search for
the internal structure of this region. In Section 2, we
describe the CCS mapping observations. In Section 3,
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Figure 1. The CCS (JN = 43 − 32) intensity map inte-
grated from 5 km s−1 to 7 km s−1. We set X and Y axes
as shown in the panel. The position of the CCS peak is lo-
cated at (X,Y ) = (0′, 0′) whose equatorial coordinates are
αJ2000=04
h41m43.87s and δJ2000=+25
◦41′17.7′′. Plus signs
labeled “a”–“k” indicate the positions where the CCS spec-
tra shown in Figure 2 are sampled. Positions with labels
“b”, “c”, and “i” correspond to IRAS 04381+2540, the NH3
peak position (Fehe´r et al. 2016), and the CCS peak position,
respectively.
we demonstrate the global CCS distributions in TMC-
1. In Section 4, we identify velocity-coherent structures
in the position-position-velocity space. We have identi-
fied 21 structures by eye. In Section 5, we derive the
masses of the substructures. Finally, we briefly discuss
the dynamics of the TMC-1 filament in Section 6, and
summarize our conclusions in Section 7.
2. OBSERVATIONS
We carried out CCS(JN = 43 − 32, 45.379033 GHz)
and HC3N(J = 5 − 4, 45.490316 GHz) mapping obser-
vations in the On-The-Fly (OTF) mode toward TMC-1
in 2015 May with the Nobeyama 45-m telescope. For
details of the observations, see Dobashi et al. (2018). In
this paper, we use only CCS line data. We used the dual-
polarization Z45 receiver at 45 GHz band (Nakamura
et al. 2015). The main beam efficiency and half power
beam width (HPBW) were η = 0.7 and Θ ≃ 37′′, re-
spectively. At the back end, we used the 4 sets of a 4096
channel SAM45 digital spectrometer with a frequency
resolution of 3.81 kHz, corresponding to ∼ 0.025 km
s−1 at 45 GHz. The typical system temperatures dur-
ing the observations were 150 K. The telescope pointing
was checked every 1 hr by observing a SiO maser source,
NML Tau, and the typical pointing offset was better
than 3′′ during the observations. By applying a convo-
lution scheme with a spheroidal function, we obtained
the final map having an effective angular resolution of
∼ 49′′.
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Figure 2. Panels (a)–(k) show the CCS spectra sampled
at the positions “a”–“k” in Figure 1 in this order. Spec-
tra in panels (b), (c), and (i) are observed toward IRAS
04381+2540, the NH3 peak (Fehe´r et al. 2016), and the CCS
peak, respectively. All of the spectra are smoothed to the
0.05 km s−1 velocity resolution.
3. DISTRIBUTIONS OF THE CCS EMISSION
In Figure 1, we show the intensity map of the CCS
(JN = 43 − 32) emission integrated from 5 km s−1 to
7 km s−1. The TMC-1 filament has an aspect ratio of
∼ 7 with a major axis of ∼ 20′ and minor axes of ∼ 3′.
At a distance of 140 pc (e.g., Elias 1978), the minor
axis has a length of about 0.1 pc, comparable to the
typical diameter of the Herschel filament. The TMC-
1 filament detected in the CCS intensity map appears
to be consistent with that of the Herschel image (Fehe´r
et al. 2016). Hereafter, we define the X and Y axes of
the filament as indicated in Figure 1.
The CCS emission is stronger in the southern part
of the filament which appears to fragment along the
major axis. The position of the strongest emission,
αJ2000=04
h41m43.87s and δJ2000=+25
◦41′17.7′′, is des-
ignated by the plus sign labeled “i” in Figure 1. This
position is often referred to as cyanopolyyne peak (CP).
We found that the CP position is slightly shifted (by
a few tens arcsecs) from the originally-reported posi-
tion by earlier studies (e.g., Hirahara et al. 1992). We
believe that this discrepancy comes from the different
observation mode. We conducted OTF observations to
obtain the map. On the other hand, previous observa-
tions were done by simple position-switch mode. Taking
into account this difference, we believe that the position
we identified should be more accurate.
In Figure 2, we show examples of the CCS spectra
observed toward positions labeled “a”–“k” in Figure 1.
Fehe´r et al. (2016) reported that in TMC-1 there are
two velocity components at most observable in NH3,
but the CCS emission line appears complex consisting
of more velocity components over the filament. In Fig-
ure 3(a), we present the position-velocity diagrams of
the CCS emission along four cuts parallel to the Y axis.
The diagrams also imply the existence of multiple com-
ponents overlapping along the line of sight. The ex-
istence of the substructures was first pointed out by
Langer et al. (1995) based on the different transition
data of CCS. Peng et al. (1998) observed an 8′ × 8′ re-
gion around the CP position in the CCS(JN = 21 − 01)
and CCS(JN = 43 − 32) emission lines with similar an-
gular and velocity resolutions to our observations. The
CCS(JN = 43− 32) spectra they obtained are very sim-
ilar to our data in terms of the shapes, peak tempera-
tures, and line widths. They divided the emission into
three filaments by fitting the spectra with three simple
Gaussian functions to find clumps along the filaments.
In Appendix B, we compare our results with these ear-
lier studies (Peng et al. 1998; Fehe´r et al. 2016).
Recently, we conducted a detailed analysis of the CCS
and HC3N line profiles at the CP position, taking into
account the effects of radiative transfer (Dobashi et al.
2018). We found that the line profile consists of four
Gaussian components with different line-of-sight veloc-
ities, which was confirmed by analyzing optically thin
(τ . 0.17) hyperfine lines of HC3N. We used data hav-
ing an extremely fine velocity resolution of 0.4 m s−1
obtained with a spectrometer named PolariS (Mizuno
et al. 2014), and estimated the centroid velocity of each
component very accurately. Main results of our previous
work related to this paper are summarized in Appendix
A. For details, see Dobashi et al. (2018). The existence
of the multiple components is in good agreement with
our position-velocity map with a coarser velocity reso-
lution.
4. VELOCITY-COHERENT SUBSTRUCTURES
As shown in Figure 2 and Figure 3(a), the CCS spec-
tra at several positions have multiple components along
the line of sight. In the following, we identify the pos-
sible substructures in TMC-1 based on our CCS data.
Hacar et al. (2013) first fitted the C18O(J = 1−0) spec-
tra in L1495/B213 with N -component Gaussian func-
tions and searched for velocity components having simi-
lar radial velocities in neighboring pixels using the FIVE
algorithm. Following Hacar et al. (2013), we identify
velocity-coherent structures in position-position-velocity
space. In the case of the CCS data obtained in this work,
however, it is not always easy to identify such substruc-
tures with an automatic method such as the FIVE or
“clumpfind” (Williams et al. 1994) algorithms, because
the emission line is not optically thin in the dense re-
gion (τ = 1 − 2) and two or more components with a
small velocity difference (0.1 − 0.2 km s−1) are aligned
on the same line of sight (e.g, see Appendix A), which
makes it difficult to separate them reliably. We there-
fore attempt to identify such structures in the position-
position-velocity space by visual inspection for simplic-
ity.
Our procedure to find the subfilaments is as follows;
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Figure 4. Distributions of the subfilaments shown on the
PV diagram along the X axis. The PV diagram is produced
by averaging the CCS spectra over the Y range −3′ < Y < 3′
at every X. Red circles labelled A–D at X = 0′ denote
the centroid velocities of the four components identified by
Dobashi et al. (2018).
as shown in Figure 1, we first set the X and Y axes
parallel and orthogonal to the elongation of TMC-1, re-
spectively, and resampled the spectra at the 15′′ grid
along the Y axis by convolving the original CCS spectra
with a 2 dimensional Gaussian function (FWHM= 30′′),
and averaged the resulting spectra in the range −3′ <
Y < 3′. We calculated the averaged spectra at every
X grid to produce the position-velocity (PV) diagram
along theX axis. Resulting PV diagram is shown in Fig-
ure 4. For a single CCS spectrum (e.g., those in Figure
2), it is not always easy to identify the individual veloc-
ity components. The PV diagram providing information
of neighboring spectra is useful to find candidates of the
velocity-coherent substructures which often appear as a
ridge running parallel to the X axis in the diagram. To
investigate distributions of the substructures on the XY
plane, we selected a position (X,VLSR) along the ridge
in the PV diagram, and calculated the CCS intensity
for all of the Y positions at the selected (X,VLSR) posi-
tion, and plotted the peak intensity position on the XY
plane. We repeated this procedure for all of the posi-
tions along the noticeable ridges in the PV diagram, and
regarded continuous peaks both in the PV diagram and
XY plane as a substructure.
In total, we found 21 CCS substructures. Their spa-
tial and velocity distributions are delineated by the solid
lines with different colors in Figures 3(b) and 4. The po-
sitions and physical quantities such as lengths, widths,
and masses of the identified substructures are summa-
rized in Table 1. The length ranges from ∼ 0.1 pc to
∼ 0.5 pc with a width of 0.05 − 0.1 pc. Thus, the as-
pect ratios (the length/width ratios) are estimated to
be about 0.3−5.7. Most of the substructures identified
have aspect ratios greater than unity, indicating that
they are filamentary. The substructures with aspect ra-
tios smaller than unity are blobs or cores, instead of the
filaments.
As we describe in Appendix C, there may be rather
large ambiguities in our analyses which mainly arise
from our method to find the substructures by visual in-
spection. However, most of the major substructures in
TMC-1 should be detected in this survey, which pro-
vides us with important information on the structure of
TMC-1. First, we found four velocity components to-
ward the CP position, and named them A, B, C, and D
in the order of their centroid velocities. In Figure 4, we
indicate their locations in the PV diagram. The com-
ponents apparently correspond to the substructures la-
beled “1”–“4”, suggesting that the velocity components
A–D observed toward the CP position by our previous
study are likely to be a part of the distinct substructures.
Second, we found that there is a systematic velocity
gradient orthogonal to the elongation of TMC-1, which
is evident in the PV diagrams in Figure 3(a). In addi-
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tion, the identified substructures in the southern part
of TMC-1 at −5′ . X . 3′ in Figure 3(b) are well-
aligned and concentrated around the axis of the main
filament (around Y ≃ 0′), while those in the northern
part (5′ . X . 13′) are more widely and randomly dis-
tributed. The systematic velocity gradient seen in the
southern part may infer the global infall motion in the
main filament. In fact, on the basis of the detailed ra-
diative transfer calculations with CCS and HC3N line
profiles, we proposed in our previous study (Dobashi
et al. 2018) that the components A, B, C, and D hav-
ing lower radial velocities in this order are aligned along
the line of sight from farther side in this order, and con-
cluded that the four components are shrinking, getting
closer to one another as a whole.
Table 1. Parameters of the velocity-coherent components
Peak Position
No. R.A.(J2000) Dec.(J2000) Tmb,max VLSR N(CCS) Length Width Aspect Flux Mass Line density
(K) (km s−1) (1012 cm−2) (pc) (pc) Ratio (K kms−1 arcmin2) (M⊙) (M⊙ pc
−1)
1 4h41m43.0s 25◦41′ 9′′ 3.37 5.72 9.65 0.498 0.088 5.655 1.84 11.08 22.25
2 4h41m44.9s 25◦40′32′′ 2.96 5.89 8.47 0.220 0.073 3.034 0.71 3.57 16.18
3 4h41m46.1s 25◦41′ 2′′ 3.13 6.07 8.97 0.257 0.075 3.448 0.79 3.96 15.41
4 4h41m44.8s 25◦41′26′′ 2.68 6.16 7.66 0.096 0.076 1.259 0.33 1.60 16.63
5 4h41m15.4s 25◦45′56′′ 1.55 5.42 4.44 0.207 0.058 3.584 0.28 2.14 10.30
6 4h41m23.9s 25◦48′51′′ 1.63 5.81 4.68 0.105 0.117 0.904 0.27 2.34 22.24
7 4h41m38.7s 25◦42′55′′ 2.62 6.03 7.49 0.061 0.067 0.915 0.23 1.20 19.64
8 4h41m26.7s 25◦47′ 8′′ 1.97 5.71 5.64 0.176 0.101 1.737 0.41 3.43 19.50
9 4h41m30.4s 25◦44′40′′ 2.99 5.91 8.56 0.199 0.092 2.160 0.55 4.05 20.34
10 4h41m15.0s 25◦46′29′′ 2.05 5.32 5.86 0.146 0.071 2.046 0.26 2.27 15.57
11 4h41m39.1s 25◦44′31′′ 1.09 6.26 3.13 0.052 0.110 0.468 0.10 0.52 10.13
12 4h41m22.8s 25◦48′21′′ 1.53 5.55 4.37 0.089 0.102 0.874 0.18 1.54 17.27
13 4h41m 7.9s 25◦48′43′′ 1.30 5.57 3.73 0.170 0.135 1.254 0.23 2.07 12.21
14 4h41m14.5s 25◦47′56′′ 0.71 6.20 2.03 0.045 0.155 0.290 0.07 0.55 12.27
15 4h41m12.0s 25◦49′60′′ 1.38 6.11 3.94 0.140 0.095 1.483 0.27 2.52 17.95
16 4h41m 9.3s 25◦49′34′′ 1.30 5.92 3.71 0.079 0.061 1.296 0.11 1.03 13.01
17 4h41m12.8s 25◦48′54′′ 1.01 5.82 2.89 0.088 0.141 0.625 0.11 0.96 10.94
18 4h41m 8.0s 25◦49′58′′ 1.43 6.03 4.09 0.075 0.079 0.955 0.13 1.32 17.53
19 4h41m48.4s 25◦39′52′′ 2.66 5.99 7.60 0.125 0.064 1.940 0.32 1.91 15.36
20 4h41m51.8s 25◦37′57′′ 1.76 5.77 5.05 0.065 0.079 0.825 0.13 1.05 16.13
21 4h41m26.1s 25◦46′26′′ 1.56 5.84 4.48 0.053 0.120 0.436 0.16 1.40 26.66
Note—Coordinates, Tmb,max the maximum brightness temperature, VLSR the centroid velocity, N(CCS) the column density are measured at the intensity
peak position of substructures.
5. MASSES OF THE SUBSTRUCTURES
To study the dynamical states of the substructures, we
derived their masses using the CCS data. The excitation
temperatures of the CCS and HC3N lines are reported
to be Tex ≃ 6− 12 K at the CP position (Dobashi et al.
2018), but it should vary slightly over TMC-1. For sim-
plicity, we assumed a constant excitation temperature
of Tex = 10 K and an optically thin case in this paper.
The masses derived in this section only weakly depend
on the assumed Tex, and they would vary by ∼ 12 % at
most in the range Tex = 5− 15 K.
First, we estimated the fractional abundance of CCS
relative to H2, f(CCS). For the observed positions
where the CCS emission is significantly detected with
velocity-integrated intensity greater than ICCS ≧ 0.2 K
km s−1, we calculated the column density of CCS in
a standard way (e.g., Shimoikura et al. 2018a) at each
observed position as
N(CCS) = C0ICCS (1)
where C0 is a function of Tex and is 1.683 × 1013 (K
km s−1)−1 cm−2 for Tex = 10 K. We then estimated
f(CCS) as f(CCS) = N(CCS)/N(H2) where N(H2) is
the column density of hydrogen molecules calculated in
a standard way (e.g., Shimoikura et al. 2013) using the
C18O (J = 1− 0) data available at the Nobeyama 45-m
data archive (e.g., see Dobashi et al. 2018). The frac-
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tional abundance of C18O is assumed to be f(C18O) =
1.7 × 10−7 (Frerking et al. 1982). Though there is a
clear tendency that the derived f(CCS) is smaller in the
northern part of TMC-1, it varies rather largely from
pixel to pixel. We therefore smoothed f(CCS) along
the Y axis at every X grid to derive the mean CCS
fractional abundance f¯(CCS) as a function of X , which
we actually used to calculate the molecular masses of
the substructures. As displayed in Figure 3(c), f¯(CCS)
varies from 2× 10−10 to 9× 10−10 within the elongation
of TMC-1.
Next, we produced the velocity-integrated CCS inten-
sity map IsubCCS for each substructure. Assuming that the
substructures have a constant radial velocity along the Y
axis, we extracted a value of the brightness temperature
Tmb(CCS) for every Y grid at the velocity of the sub-
structures VLSR measured at each X grid, and we made
a map of the brightness temperature of the substruc-
ture T submb (X,Y ). We further estimated the velocity-
integrated intensity maps IsubCCS as I
sub
CCS = T
sub
mb ∆V
sub
where ∆V sub is the FWHM line width of the substruc-
tures. The true ∆V sub should be different from sub-
structure to substructure and should also vary depend-
ing on the positions (X,Y ). It is however very difficult
to quantify ∆V sub, and we therefore adopted the mean
value ∆V sub = 0.17 km s−1 of the four velocity compo-
nents A–D observed at the CP position (Dobashi et al.
2018). We derived distributions of N(CCS) by substi-
tuting IsubCCS for ICCS in Equation (1), and derived the
total molecular mass of each substructure by applying
f¯(CCS) and assuming a distance of 140 pc (e.g., Elias
1978). The derived masses are summarized in Table
1. Note that the masses in the table would increase by
∼ 10 %, if we adopt a distance of ∼ 148 pc reported by
Loinard et al. (2007). In the table, flux denotes the total
IsubCCS summed over the substructures, and width denotes
the mean FWMH width of IsubCCS along the Y axis. As-
pect ratio is the ratio of length to width, and line density
is defined to be the mass divided by the length. The to-
tal and mean masses of the 21 substructures in Table 1
are ∼ 50M⊙ and ∼ 2.4M⊙, respectively. Total molecu-
lar mass of the entire TMC-1 filament measured in C18O
is ∼ 200M⊙ (see Figure 8b of Dobashi et al. 2018), and
thus ∼ 25 % of the molecular mass is contained in the
substructures.
The dynamical state of an isothermal filamentary
cloud is determined by the line density, which is given
as
m =
2c2
s
G
≃ 464
( cs
km s−1
)2
M⊙pc
−1 , (2)
where cs and G are the isothernal sound speed and grav-
itational constant, respectively (Stodo´lkiewicz 1963; Os-
triker 1964). The dust temperature in TMC-1 is mea-
sured to be ∼ 11 K on the basis of the Herschel obser-
vations (Fehe´r et al. 2016). If we adopt the isothermal
sound speed at T ≃ 10 K (cs = 0.2 km s−1), the critical
line density for the dynamical equilibrium is estimated
to be 17 M⊙ pc
−1. Though our mass estimates based
on the CCS data are rather coarse, most of the identi-
fied substructures have masses comparable to the criti-
cal value, and thus we believe that they should be close
to the dynamical equilibrium. These nearly-equilibrium
structures seem to have similar dynamical properties of
the fibers identified by Hacar et al. (2017). It is also
interesting to note that Peng et al. (1998) identified 45
small clumps in CCS along the filamentary structures
around the CP position, and they suggested that most
of the clumps are gravitationally stable or unbound,
though the optical depth of the emission line and the
related radiative transfer were not taken into account in
their analyses.
6. DISCUSSION
A bundle of aligned substructures as seen in the south-
ern part of TMC-1 can sometimes be recognized in nu-
merical simulations to study the formation and evolu-
tion of dense filaments, although it remains uncertain
whether the velocity-coherent substructures we found
are the same as those found in the numerical simula-
tions. For example, in the simulations performed by
Dobashi et al. (2014) and Matsumoto et al. (2015), fila-
ments naturally form in dense clumps mainly by tur-
bulence, and they often consist of smaller substruc-
tures. Similar results are reported by Moeckel & Burk-
ert (2015). (see also Zamora-Avile´s et al. (2017) and
Smith et al. (2016)). The substructures are gravita-
tionally stable and scarcely collapse spontaneously by
themselves, but when they happen to cross (or collide
against) each other, they can soon form stars due to the
increase of density at the intersections (e.g., see Figure
19 of Dobashi et al. 2014). Similar effects of filament-
filament collisions on star formation have been reported
also in other star-forming regions (e.g., Nakamura et al.
2014). We imagine that TMC-1 consists of such smaller,
gravitationally stable substructures, and as predicted by
the simulations, it would soon form stars when the in-
ternal substructures happen to cross each other.
The origin of the velocity-coherent substructures iden-
tified here and their role in the star formation process
are still uncertain. They might be created by local cloud
turbulence, as predicted by the numerical simulations.
Recently, we found that the substructures Nos. 1 and
4 are infalling with a speed of ∼ 0.4 km s−1 toward
the center (Dobashi et al. 2018) at the CP position. If
the TMC-1 filament is infalling toward the major axis,
such a global infall motion may create local denser parts
(e.g., substructures Nos.1 and 4) generated by shock.
Thus, there is a possibility that we just see such local
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peaks temporally created in the main filament. To fully
understand the origin and role of the substructures in
star formation process, further investigation on the kine-
matics and internal structures of Herschel filaments and
substructures would be needed.
7. CONCLUSIONS
We have observed the Taurus Molecular Cloud 1
(TMC-1) in the CCS(JN = 43 − 32) emission line at
45 GHz using the Nobeyama 45-m telescope. We found
that TMC-1 has a filamentary morphology with a diam-
eter of ∼ 0.1 pc and a length of ∼ 0.5 pc. We identified
21 velocity-coherent substructures in TMC-1 by eye, and
found that the substructures have a mass close to the
critical values for the gravitational equilibrium.
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Aid for Scientific Research (Nos. 17H02863, 17H01118,
26287030, 17K00963) of Japan Society for the Promo-
tion of Science (JSPS). K. T. would like to thank the
University of Virginia for providing the funds for her
postdoctoral fellowship in the VICO research program.
APPENDIX
A. FOUR VELOCITY COMPONENTS AT THE CYANOPOLYYNE PEAK
Based on sensitive CCS and HC3N spectral data, we recently identified four velocity components at the CP position,
and reported the results in another article (Dobashi et al. 2018). In the following, we briefly review the methods and
results of our previous work.
We observed the CP position with the CCS(JN = 43− 32) and HC3N(J = 5− 4) lines simultaneously using the Z45
receiver installed on the Nobeyama 45-m telescope. We used a spectrometer named PolariS (Mizuno et al. 2014) which
provided an extremely high frequency resolution of 61 Hz corresponding to the ∼ 0.4 m s−1 velocity resolution. Total
integration of ∼ 30 hr suppressed the rms noise of the spectral data to ∆T ∗a ≃ 40 mK for the ∼ 0.4 m s−1 velocity
resolution. Resulting spectra related to this work are displayed in Figure A1(a) and (b).
The HC3N(J = 5 − 4) line consists of five hyperfine structures (F = 5 − 5, 4− 3, 5 − 4, 6 − 5, and 4− 4). Among
these, the F = 4− 4 and 5− 5 lines have intrinsically the same intensity, and are well separated in frequency from the
other hyperfine lines. Therefore they can be averaged directly to reduce noise. The spectrum in Figure A1(a) is the
average spectrum of the F = 4− 4 and 5− 5 lines. The F = 4− 4 and 5− 5 lines are generally optically thin. In fact,
the maximum optical depth at the CP position is τ . 0.17 (for details, see Dobashi et al. 2018). Therefore, under
the assumption of the Local Thermodynamic Equilibrium (LTE), the spectrum in Figure A1(a) can be approximated
by a simple Gaussian function with N velocity components. We fitted the average HC3N spectrum with a Gaussian
function with N velocity components leaving the centroid velocity, peak intensity, and line width of each component
as free parameters. We calculated the reduced χ2 (hereafter, χ2
r
) of the residual of the best fit for increasing N(= 1,
2, 3, and so on). We found that χ2r rapidly decreases up to N = 4 (χ
2
r = 1.0016), and also that χ
2
r doesn’t change
significantly for larger N(≧ 5). This indicates that the spectrum consists of N = 4 distinct velocity components. We
named the four components A, B, C, and D in the order of increasing centroid velocities. These components are shown
by the solid lines with different colors in Figure A1(a). The fitted centroid velocities are given in Figure A1(c).
We assumed that the CCS line consists of the same velocity components having the same centroid velocities as those
found in the HC3N line, because the CCS and HC3N lines should trace similar density regions (nH2 = 10
4−5 cm−3).
We fitted the observed CCS spectrum with a Gaussian function which consists of N = 4 velocity components with
the fixed centroid velocities, leaving the line width, excitation temperature, and optical depth of each component as
free parameters. Because the CCS line is not optically thin, radiative transfer should be taken into account in the
fitting process. We looked for the parameters best fitting the observed CCS spectrum for all of the permutations
(N ! = 4! = 24) of the relative positions for the four velocity components along the line-of-sight, and calculated χ2r
of the residual of the best fit for each permutation. As a result, we found that the minimum χ2
r
(= 1.063) can be
found when the components A, B, C, and D are lying from far side to near side from the observer in this order as
illustrated in Figure A1(c). In Figure A1(b), contributions of the four components to the observed CCS spectrum
are shown by the lines with different colors. Note that the contribution of each component cannot be expressed by a
simple Gaussian function, not only because they are not optically thin, but also because they are partially absorbed
by the other component(s) in the foreground. In the same way as for the CCS line, we analyzed the other hyperfine
lines of HC3N (i.e., F = 4− 3, 5− 4, 6− 5) which are blended and optically thicker, and obtained the same results as
for the CCS line (see Figure 6 of Dobashi et al. 2018).
In addition to the above results, we pointed out a possibility that the centroid velocities and the relative locations
of the components A–D along the line-of-sight illustrated in Figure A1(c) may represent the global infalling motion of
TMC-1.
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Figure A1. (a) The averaged spectrum of the two hyperfine transitions F = 4− 4 and 5− 5 of the HC3N(J = 5− 4) line, and
(b) the CCS(JN = 43 − 32) line observed toward the CP peak with the PolariS spectrometer. The original velocity resolution is
0.4 m s−1, and it is smoothed to 0.8 m s−1 in the panels. Four velocity components labeled “A”–“D” identified in the spectra are
shown by the lines with different colors, and their sums best fitting the observed spectra are shown by the red lines. Residuals
offset by −0.3 K and −0.9 K in panels (a) and (b), respectively, are also shown. The spectra are shown in units of the antenna
temperature T ∗a related to the brightness temperature as Tmb = η
−1T ∗a where η (= 0.7 at 45 GHz) is the main beam efficiency
of the 45-m telescope. (c) Inferred relative locations of the four velocity components along the line of sight. The figures are
taken from Dobashi et al. (2018).
B. COMPARISON WITH EARLIER STUDIES
We compare our results with two earlier studies to investigate the substructures of TMC-1. One is the CCS
observations around the CP position performed by Peng et al. (1998). They divided the CCS emission into three
filamentary structures having typical radial velocities of 5.7, 5.9, and 6.1 km s−1 by fitting the spectra with a simple
Gaussian function with three components at most (see their Figure 2). The first two components mainly correspond
to our substructures “1” and “2”, respectively, and the third component is a mixture of our substructures “3” and
“4”. A few other substructures identified in our work around the CP position (e.g., “19” and “20”) are not recognized
or are merged to one of the three components in their work, because of their assumption of the three components at
most over the 8′ × 8′ region they observed. Except for these points, the results of Peng et al. (1998) are consistent
with our results.
The other is the recent work by Fehe´r et al. (2016) who observed the entire TMC-1 filament in NH3. In their
NH3 data, there can be seen a clear velocity gradient orthogonal to the axis of the main filament (see Figure 5 of
Fehe´r et al. 2016), which is consistent with what we see in Figure 3a. They suggested existence of four filamentary
substructures which they call “F1”, “F2”, “F3”, and “F4”. The lengths (∼ 0.5 pc) and radius (0.1 − 0.2 pc) of their
substructures are similar to our substructures, but their distributions on the plane of the sky appear very different.
This is because they fitted the spectra only with two velocity components at most and classified the components using
“k-means clustering method”. Their F1–F4 are apparently mixtures of our substructures “1”–“21”, but it is difficult
to identify their correspondence clearly. Coincidence of their and our substructures on the plane of the sky can be
summarized as follows; their F1 contains our substructures “12”, “15”, and “21”, and F2 contains “11”. F3 contains
“5”, “10”, “13”, and “14”, and F4 contains “1”–“4”, “7”, “19”, and “20”. Our “6” is shared by F1 and F2, and “9”
is shared by F2 and F3. Finally, “16”, “17”, and “18” are shared by F1 and F3.
Major differences between our results and those of the earlier studies arise from the assumptions on the number of
velocity components. For example, Peng et al. (1998) and Fehe´r et al. (2016) assume three and two velocity components
around the CP position, while we found four components toward the position, which agrees with the detailed analyses
in our previous work (Dobashi et al. 2018) as stated in Section 4.
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C. UNCERTAINTIES OF OUR ANALYSES
We describe caveats and ambiguities in our analyses. We first describe possible errors arising from our method
to find substructures. We identified 21 substructures which should trace most of the major substructures in TMC-
1. However, there may be some more substructures which escaped detection, because we searched them by visual
inspection. In addition, our method to find substructures is apparently insufficient to identify and quantify filaments
extending parallel to the Y axis, and there might be some filamentary substructures extending nearly orthogonal to
the X axis. For example, candidates of such features can be seen at X ≃ −2′ and X ≃ 6′ in Figure 3(b) which we
did not analyze in this paper. In addition, we can identify only one of two (or more) filaments having the same VLSR
and running parallel to the X axis, because the method allows us to pick up only one Y position for a given (X ,VLSR)
position. This is also a source of the incomplete sampling. The lengths of the substructures in Table 1 should be the
lower limits to the actual lengths because of this shortcoming of the method.
Finally, we describe errors in our mass estimate of the substructures. The estimate is basically based on the C18O
data, and therefore its accuracy depends on the ambiguity of the assumed fractional abundance of C18O. The assumed
fractional abundance (1.7× 10−7) originally have an ambiguity of a factor of ∼ 3 (Frerking et al. 1982). In addition,
the C18O molecule is known to be adsorbed onto dust in dense regions (e.g., Bergin et al. 2002). In fact, the intensity
of the C18O spectrum at the CP peak is about one half of what we would expect without adsorption (see Figure 9 of
Dobashi et al. 2018), and therefore the derived total mass of the subscrutcures can be underestimated by a factor of
∼ 2 by this effect. The assumed constant line width (∆V sub = 0.17 km s−1) is also a source of errors, because it is
actually varying by a factor of ∼ 2 depending on the velocity components even at the CP peak (see σi in Table 3 of
Dobashi et al. 2018). These errors arising from the assumptions on the fractional abundance and the line width may
result in the total ambiguity of a factor of
√
32 + 22 + 22 ≃ 4 in our mass estimate. There must be some other sources
of errors not mentioned in the above, and thus the factor ∼ 4 should be the minimum estimate of the total uncertainty
in the derived mass of the subsctructures.
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